INTRODUCTION
In the work described subsequently, synthetic "hard alpha" inclusions have been fabricated within Ti-6AI-4V (Ti64) forgings. Several compositions of synthetic hard alpha were made by arc melting Ti sponge and TiN powder. Small solid cylinders of the titaniumnitrogen alloys were made by electro-discharge machining (e. d. m.) the arc-melted ingots to diameters of 0.031, 0.047, 0.062, and 0.078 inches, respectively, with heights equal to the respective diameter. Sets of eight or sixteen each identical cylinders were hot isostatic press (HIP) bonded within forged Ti64 blocks to yield uncracked inclusions with sharp interfaces with the Ti64 matrix. Detectability of the uncracked hard alpha was estimated as a function of flaw size, orientation, and nitrogen content from ultrasonic signal to noise ratios determined from C-Scan images of the blocks. Relationships of detectability to physical properties of hard alpha, and methodologies of signal to noise determinations are discussed.
Regions in titanium alloy parts with high local levels of nitrogen and oxygen can contain a hard stabilized alpha phase [1] . These regions of "hard alpha" are extremely undesirable because they seriously degrade materials performance [2, 3] . Nondestructive inspection of titanium parts includes ultrasonic techniques to find hard alpha [4] . Hard alpha defects found in Ti-6AI-4V (Ti64) contained 3.5 to 14.8 wt.% N and up to 2.5 wt.% 0 [5] . The work, described subsequently, focuses on fabrication of Ti64 blocks containing uncracked synthetic hard alpha inclusions and preliminary results of ultrasonic evaluation.
The chief requirements of the synthetic inclusion blocks are that: (1) the blocks present intrinsic properties of hard alpha, not those of cracks or voids; (2) the blocks permit independent variation of block and hard alpha characteristics; (3) construction of blocks be reproducible and documentable; and (4) the overall design provide obtaining meaningful statistics on detectability of hard alpha.
To meet these objectives, the approach selected was to HIP bond Ti-N alloy seeds into pre-machined cavities within a Ti alloy block. This was achieved by machining the cavities into one face of a block, placing Ti-N seeds into these cavities, placing a cover plate of the matrix alloy over this face, and HIP bonding the two matrix alloy pieces together.
This approach provides the benefits of unifonn and reproducible inclusions in the fabricated block and controllable matrix phase content. Inclusions would have known chemistry, size, location, and structure. Inclusions would be uncracked. Inclusion-matrix interfaces would be sharp. Since HIP bonding can be achieved below the beta transus of titanium alloys, the HIP temperature can be used to fix the primary alpha phase volume. There are two drawbacks to the selected approach. First, the HIP process will remove the cold work present in the matrix. Second, care must be taken to match microstructure and acoustic characteristics of the matrix alloy pieces. For example, joining two matrix pieces with different crystallographic textures will result in a bond line that, while metallurgically bonded, will have a step change in acoustic characteristics.
The block design consists of four rows of eight inclusions, each row at a fixed inclusion size. The rows are 0.5# (12.7 mm) apart and the inclusions within a row are 0.5# apart. The inclusions are cylindrical, with diameter equal to height. The inclusion sizes are 2/64#; 3/64#; 4/64#; and 5/64# (0.8; 1.2; 1.6; and 2.0 mm) diameter and height. The inclusions are placed in cavities on the surface of a 2# (50 mm) thick Ti64 block, and a 1# (25 mm) thick Ti64 cover plate is placed on top. The edges of the block and cover plate are electron beam welded together in a vacuum, and the block is HIP bonded at 1650°F, 15 ksi (900°C, 105 MPa), 3 hours. Three nominal nitrogen levels were selected: 1.5 wt. %, 2.5 wt. %, and 6 wt. %; within a given block, all inclusions are of the same chemistry. Blocks with two seed orientations have been made. On one block design, the z-axis of the cylindrical seed is nonnal to the surface of the block, obtained by drilling the cavities for the seeds with straight holes onto the face of the block piece; in a second design, the z-axis of the cylindrical seed is 45° to the surface of the block, obtained by drilling the cavities for the seeds at a 45° angle relative to the face of the block piece. Peak-to-peak C-Scan amplitude images were taken of the blocks using a 10 MHz transducer, 0.75-(19 mm) in diameter and focused at 5.25-(133 mm) in water. This produced an f17.0 beam with a -6 dB diameter of 0.06-(1.5 mm) and with a -3 dB depth of focus of 0.35-(9.0 mm) in titanium. The signal gate width was 4.0 microseconds, or approximately 0.5-(12.7 mm) in titanium. The signal gate delay was always adjusted such that the gate width was centered on the depth of focus of the transducer.
The scan index used to acquire the images was 0.010-(0.25 mm). This produced a very uniform field of insonification with essentially no variation (less than 0.2 dB) due to the spacing between the ultrasonic pulses. The images were acquired with the ultrasonic beam normally incident to the circular cross section of the inclusions through the surface located I.OH (25 mm) above them.
The C-Scan amplitude data are digitally stored in an 8-bit (0 -255) range that is scaled over 0 -1.8 Volts. Properly calibrated, the dynamic range of the gated peak detector used is linear over the 8-bit acquisition range. In order to assure that the maximum signal amplitudes did not include saturated data the input signal attenuation was adjusted such that the highest anticipated signal from any block was approximately 230. The input attenuator of the electronic package is accurate to ±O.15 dB. The largest ultrasonic amplitude reflected from each inclusion composition/size was averaged over the eight inclusions of that size in the block. That average and its standard deviation are listed in Table I . Noise statistics (Table  I) were acquired from images of the ultrasonic amplitude backscattered from the titanium microstructure with the signal gate and the transducer focus placed just above the seeded inclusions. This assured that only material backscatter was included in the noise data. Signal to noise ratios are also listed in Table I for each composition/size inclusion. These are calculated from (Smax -Nave)+(Nmax -Nave).
The measured signal to noise from the inclusions within these blocks can be related to the physical characteristics -sound velocity and density -of the inclusions. The longitudinal sound velocity of Ti-N-O alloys has been fit [6] to the equation: CI = 6002.2 + 61.86·(at% N) + 54.31·(at% 0) rnls (1) . The densities of the seed alloys were measured and are listed in Table II . Also listed are the calculated velocities according to equation (1) , and the calculated reflectance in Ti64, where the where the sound velocity of HIP processed Ti64 is taken as 6175 rnIs [6] , and the density 4461 kg/m 3 . The signal to noise ratio of the inclusions in the Ti64 blocks is plotted against the reflectance of the Ti-N-O alloy comprising the seeds in Figure 8 . With reference to the figure, the slopes of the signal to noise versus reflectance are different for each inclusion size, and signal to noise from the largest size inclusion has the strongest sensitivity to reflectance. 
